Introduction
For detection of proteins, the Western blotting technique has become a widely used biochemical tool (Gershoni and Palade, 1982; Towbin et al., 1979) . With this method molecules are differentially immobilized on the surface of blotting membranes. In this way optimal accessibility is achieved for determination and quantification of enzyme activity or detection of specific proteins. Disadvantages of this method are the lengthy and time-consuming procedures required before reaching the blotting steps. Furthermore, since target molecules are extracted from homogenized tissue samples the conventional blotting methods provide information neither on the anatomic or cellular localization of the macromolecules studied nor on their differential distribution within the tissue un-Supported by a research grant from NUFFIC (Netherlands Organizatioci for International Exchange in Higher Education) (MO). BB is recipient of a postdoctoral fellowship from the Netherlands Science Foundation. der study. Alternatively, detection of biological molecules preserving their anatomic position can be obtained by histochemical and immunocytochemical techniques in tissue sections. However, these latter techniques also have several limitations with regard to target molecule recognition. Successful processing of tissue for immunocytochemistry or demonstration of enzyme activity often requires fixation of the tissue, such as by buffered aldehydes. Fixation, however, may denature and insolubilize proteins, thereby decreasing the ability of antigen or enzymes to be detected owing to conformational changes of the target molecules. Furthermore, proteins may leak from tissue sections during the various treatment steps, and membrane fixation hampers penetration of reporter molecules to the cell interior. In the present report we describe a new procedure that bridges the gap between biochemical and histo-and immunocytochemical molecular detection techniques. This new procedure combines advantages of both methods and yields optimal accessibility of biofunctional molecules blotted on membranes, yet with preservation of their fine anatomic resolution. This in situ blotting method will be illustrated on sections from neural and immunological tissue ofthe rat treated for various protein markers by histochemical and immunocytochemical stainings.
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Materials and Methods
F L O W C H A R T O F T I S S U E B L O T T I N G M E T H O D
Chemicals. Eis hydroxymethyl aminomethane (Tris), Pnicotinamide adenine dinucleotide phosphate (NADPH-reduced form), nitroblue tetrazolium (NBT), 5-bromo-4-chloro-3-indolyl phosphate (BCIP), and 4-chlOro-1-naphthol (4ClN) were obtained from Sigma (Brussels, Belgium). Nitrocellulose (NC), polyvinyliden difluoride (PVDF), and Zeta probe (positively charged nylon: PCN) membranes were from Bio-Rad (Veenendaal, The Netherlands). The following immunological reagents were applied for detection of proteins: mouse anti-calbindin D-28K (clone CL300); mouse anti-microtubule-associated protein (MAP) 1 (clone HM-1); and MAP-2 (clone HM-2) (all Sigma); biotinylated sheep anti-mouse IgG (Amersham; Den Bosch, The Netherlands); and horseradish peroxidase (HRF')-conjugated streptavidin (Zymed; San Francisco, CA). Mouse anti-protein kinase Cy (PKC isoform I) antibody (clone 36G9) was a generous gift from Dr. S. Cazaubon and Prof. A. D. Strosberg of the Institut Cochin d'Immunopharmacologie in Paris (Cazaubon et al., 1989) . Mouse anti-T-cell (thymus-derived lymphocyte) surface antigen antibody (clone R-73) was kindly donated by Dr. L. de Ley ofthe Immunology Department ofthe University of Groningen.
Blotting Procedure. All procedures were carried out on laboratory rats according to the regulations as defined by the National Act on Use of Experimental Animals. The animals (male Wistar rats of 200-215 g body weight) were transcardially perfused with Tris buffer (40 mM Tris, 20 mM HCI, 152 mM NaCI, 500 ml/kg) after an overdose of pentobarbital anesthesia (60 mg/kg IP) ( Figure 1 ). Transcardial perfusion of the organs is a crucial step to remove all blood, blood cells, and blood-borne antigens from the tissue samples. Notably, red blood cells, because of their high endogenous peroxidase contents, strongly interact with peroxidase-based assays. Organs were quickly removed and frozen with liquid nitrogen and cut with a cryostat microtome at -20°C. The sections (20 pm) were mounted on dry membranes in a cryostat box and thawed at room temperature. NC and PCN membranes were then incubated on filter paper that was pre-wetted with a 40 mM Tris-20 mM HCI-10% methanol solution. In using the highly hydrophobic PVDF membranes, as must be recommended for blotting membrane-associated proteins as performed in our case for T-cell surface antigens, the membrane after thawing the section was first wetted from the bottom side up with methanol before incubation with the abovementioned buffer. The transfer of tissue proteins onto the membrane matrix was achieved by permeation of the cellular fluid directly from the tissue into the underlying matrix for 10 min at 4°C in a humid chamber ( Figure 2 ). After biomolecule transfer, the tissue was removed from the blotting membrane by a high-pressure jet spray with the incubation buffer. Adequate tissue removal can be achieved by using a large syringe provided with a 25-gauge needle at an ejection rate of 60 mllmin. Spraying the blot at such a pressure does not affect the blotted protein.
Immune-overlay Detection of Protein. The blots were soaked in a 5 % gelatin-40 mM Tris-33 mM HCI-152 mM NaCl solution for 30 min to prevent nonspecific binding of antibody to free membrane sites. Then the membranes were incubated overnight with primary antibodies in the same buffer solution containing 1% gelatin and 0.05% Triton X-100 (1% gelatin TI'BS). The various primary monoclonal antibodies were applied in the following dilutions: anti-calbindin D-28K 1:400; anti-MAP1 1:500; anti-MAP2 1:500; anti-T-cell surface antigen 1:500; and anti-PKCy 1:500. The sections were subsequently washed with TTBS (three times for 10 min each), reacted with biotin-tagged secondary antibody (1:500) for 4 hr, and rinsed again. The membranes were then exposed to streptavidin-HRP (1:500) for 1 hr. After the final washing the immunoprecipitates were visualized by the HRP staining reaction with a substrate solution (3 mM 4C1N in 15% methanol-I'BS, 0.015% hydrogen peroxide) for 10 min. The use of alkaline phosphatase-conjugated avidins as a final step is discouraged because of the relatively high endogenous alkaline phosphatase level in the tissues. All of the above-mentioned immunological procedures were carried out at room temperature. Histochemical Enzyme Activity Detection. The activity of the acetylcholine-degrading enzyme acetylcholinesterase (AChE) was visualized according to a slightly modified protocol of Hedreen et al. (1985) . After blotting, the membranes were directly applied to the staining procedure without any protein fixing. Bridy, membranes were extensively rinsed in 0.1 M acetate buffer at pH 6 and incubated for 1 hr with 0.05% acetylthiocholine iodide, 4 mM sodium citrate, 3 mM cupric sulfate, and 0.1 mM potassium ferricyanide in 0.065 M acetate buffer. The precipitate was intensified by subsequent reactions with 1% sodium sulfide and 0.1% silver nitrate.
Alkaline phosphatase was demonstrated according to the method of Blake et al. (1984) . based on cleavage of phosphoryl groups from BCIP. The alkaline phosphatase was detected by the reduction of NBT to diformazan by hydrogen ions released by the enzyme reaction BCIP. The reaction was carried out in a medium of 25 mM HCI, 5 mM MgC12, 100 mM NaCI, 45 mM dimethylformamide, 0.4 mM NBT, 0.4 mM BCIP, and 100 mM Eis for 30 min at room temperature.
NADPH diaphorase activity detection on PCN membranes (Zeta probe membrane) was carried out following a slightly modified procedure as described by Vincent and Kimura (1992) . After rinsing in Tris buffer, the blotted membranes were incubated in %is buffer (40 mM %is-33 mm HCI) containing 0.15 mM NBT, 1.5 mM NADPH (without the addition of Triton-X-100) for 2 hr at RT.
After immunological or enzyme histochemical'ueatmennts, all blots were stored in distilled water at 4'C until observation or photography. Controls. Various control experiments were performed to support the specificity of the protein detection procedures. In the immunocytochemical stainings, omission of the primary antibody was routinely included.
Moreover, to test the contaminating effect of endogenous peroxidase in combination with sueptavidin-HRP procedures, membrane blots were directly stained with the HRP chromogen. In the histochemical processing, parallel experiments were based on omission of the enzyme substrates (acetylthiocholine iodide, NADPH, or BCIP) from the incubation media. All control staining resulted in absolute lack of any visible reaction product.
General Protein Detection. General protein staining was performed with 0.1% Coomassie Brilliant Blue R-250 in 30% methanol-10% acetic acid for 30 min and fixed with a 50% methanol-10% acetic acid solution.
To determine the total amount of protein binding to the NC membrane, the sections and the NC membrane wash waste fluids were treated with urea in a lauryl sulfate (SDS) solution (1 M urea and 40 mM SDS as final concentrations). The total protein concentration of sections and membrane wash waste fluid was measured by the method of Groves et al. (1968) . The amount of membrane-bound protein was calculated as the averaged total quantity of proteins in five adjacent tissue sections, minus the averaged amount of protein in five sections after blotting to the membranes, including the wash waste fluid.
Time-dependence of Protein Transfer to Blotting Membrane. To examine the incubation time factor on protein transfer to NC membrane, quantitative protein detection was carried out in a series of increasing incu- bation times from 1, 2, 5 , 10, 20, and 60 min. After blotting, protein detection was performed with Coomassie Blue staining for total protein display, enzymatic staining of AChE, and immunocytochemical processing for PKCy, calbindin D-28K, and MAPS. After color development the blotted proteins were quantifed by computerized image analysis using optical density measurement (Zeiss IBAS system; Oberkochen, Germany). The various proteins were quantified by subtracting the blot background optical density values from the integrated optical density of the total blotted area.
Preparation of Transparent Blotting Membranes. The blotted NC membranes treated for NBT, BCIP, or silver color development were made transparent with plastic embedding according to the description of Pharmacia PhastSystem Technical File no. 230 (Warrington, PA). NC blots stained with 4C1N were cleared by immersion in an 80% glycerin solution. The PVDF membrane blots were immersed in 65% glycerin solution to adjust to the refractive index for transparency. Translucent PCN membranes were obtained by embedding in microscope lens immersion oil.
Results
Transfer Factors
It was calculated that after 30 min 16% of the protein content of 20-pm coronal brain sections [cut at a transverse position of -3.6 mm to bregma according to the brain atlas of Paxinos and Watson (1982) ] was transferred to the NC membranes (Figure 3) . On a total quantity of 0.63 mg protein per section of 20-pm thickness and a surface area of 1.5 cm2, the 16% bound protein represented 80% of the theoretical maximal binding capacity of the NC membrane (Bio-Rad qualifcation). Furthermore, the amount of protein bound was proportional to the section thickness up to 10 pm but was irrespective of section thickness over 10 pm (Figure 3) .
The amount of different proteins with different molecular weights (calbindin D-28K, 28 m, PKCy, 80 KD; MAP2, 280 KD;
AChE, 328 KD) was determined as a function of the relative optical W I t densities of their (immuno-)histochemical reaction products after a series of transfer incubation times. From these results it became clear that the time necessary to transfer proteins from the tissue to the membrane was extremely short for all proteins irrespective of their molecular weights. Within 10 min the binding reached its plateau and did not further increase. These quantitative binding characteristics indicate that the protein transfer in the currently applied blotting procedure is not so much the result of diffusion as in Western blotting processing (Bowen et al., 1980) . Essential in the presently used procedure is collecting frozen tissue sections on dry membrane, after which the section is allowed to melt at room temperature. It is during the process of thawing and the subsequent incubation time that the macromolecules penetrate from their intracellular position onto the adhering matrix. The transfer condition applied here at least suggests that a convection process during tissue thawing might strongly accelerate the penetration of proteins into the membrane. Control blots in which sections applied to membranes were kept frozen €or 1 hr without melting did not display any detectable protein on the blotting membrane. Together, these results lead to the conclusion that proteins bind to the immobilizing matrix when the intracellular fluids permeate through the dry membrane during thawing of the tissue section. It proved to be crucial to thaw tissue section on dry membranes. Thawing tissue on pre-wetted membranes induced a very rapid diffusion of macromolecules out of the tissue, which prevented maintenance of the anatomic localization of the protein mapping.
Specz-c Detection of Protein
The general staining of proteins in brain section blots by the Coomassie Blue procedure revealed a rather homogeneous distribution of protein on NC membranes (data not shown). Application of immunocytochemical procedures, however, yielded a highly selective and specific visualization of selected proteins (Figure 4 ). The immunoprecipitates showed highly differentiated distribution patterns that precisely represented the anatomic characteristics of the blotted tissue section. The immuno-overlay patterns have been illustrated here for several proteins after similar blotting procedures, showing distinctly differentiated distributions. These distribution patterns entirely coincide with the known anatomic differentiation of the tissue samples under study. For example, PKCy ( Figure 4A ) was characterized by a widespread distribution in cortex, hippocampus, striatum, thalamus, and cerebellum, in agreement with the reported patterns in tissue sections stained with immunocytochemistry (Huang et al., 1988; Worley et al., 1986) . Similarly, the calcium binding protein calbindin-D28K ( Figure 4B) was rich in the superficial cortical layers and subregions of the hippocampus and abundant in the cerebellum (Celio, 1990) , while the cytoskeletal protein MAP1 was present in almost all neuronal dendrites (Huber and Matus, 1984 ) ( Figure 4C) . A few examples also demonstrate the relatively high level of resolution that can be reached with immuno-overlay after in situ blotting. Thymus tissue blotted on PVDF membranes and treated with antibodies against T-cell surface antigen showed large clusters of immunoreactivity in the medullary regions. At higher magnifications the T-cell surface position of the precipitate could easily be distinguished ( Figure 5D ). In the calbindin distribution pattem in the cerebellar region, the immunoreactivity in the blots obviously corresponds to the Purkinje cells, including their dendrites and probably also their axons, in the fiber zone (Figure SE) . At higher magnifications of the MAP1stained blot, immunopositive dendrites were discerned in the dendritic layers of dentate gyrus and cornu ammonis of the hippocampus ( Figure 5F ). The currently studied tissue samples indicate that the in situ blotting method not only detects soluble free proteins but also can be applied to cytoskeletal and to certain membrane bound proteins.
Speci-c Detection of Enzymes
Detection of enzyme activity on blotted proteins was carried out for NADPH diaphorase and alkaline phosphatase activities. NADPH diaphorase, recently identified as nitric oxide synthase in aldehydefixed brain material (Dawson et al., 1991; Hope et al., 1991) , was localized in a variety of brain regions with notably high activity in hippocampus, cortex, and hypothalamus ( Figure 4D ). Alkaline phosphatase was also very rich in cortex, striatum, and hypothalamus, but displayed a much lower activity in the characteristic layers of the hippocampus. Higher magnification demonstrated here for NADPH diaphorase in thymus tissue showed activity that could be identified at the cellular level in macrophages ( Figures 5A  and 5B ). Both in immunochemical and enzyme activity detection protocols, the blotted proteins displayed a highly localized appearance, with no apparent diffusion within the blotted regions, while the density of the precipitate varied from extremely strong to total lack of reactivity. The latter characteristic indicates a near-total lack of aspecific background staining and thus the lack of false-positive precipitates. Furthermore, the clear patterns of differentiation provide excellent possibilities for densitometric measurements for computer-assisted image analysis.
The specificity of the detection procedures was also supported by the absence of reaction products in the control experiments. In these controls the primary antibody step was omitted in the case of immuno-overlay and substrate agents in the case of enzyme histochemical procedures. Moreover, the use of relatively high titers of antibodies h the immunochemical processing did not yield detectable aspecific precipitates. Contamination of the immunodetection by endogenous peroxidase, possibly as a result of addition of detergents (Triton X-100 or Tween 20), was not observed.
Discussion
A novel method has been described for the direct transfer of proteins from frozen-sectioned tissue to an immobilizing matrix, thereby providing direct access for protein detection with maintenance of the anatomic location of the proteins. In the presently described technique it appears essential to cut the cells of the tissue in order to provide free access of the intracellular contents for protein transfer to the blotting membrane. This conclusion was reached by the observation that the density of the blotted protein was irrespective of the thickness of the sections, at least when thickness was more than 10 pm. Assuming the average cell diameter to be approximately 10 pm, the blotting image can be interpreted as a one-cell layer cytologic mapping of proteins on the immobilizing matrix. This conclusion is further supported by the observation that only monolayers of cells occurred on the blots [e.g., the single Purkinje (p) cell layer indicated by arrowheads in Figure 5E ].
The direct transfer of biomolecules to an immobilizing matrix has several distinct advantages: (a) it is not necessary to fix the tissue (e.g., by aldehyde mixtures) and the native character of the proteins is therefore retained, hence providing optimal accessibility and sensitivity for detection procedures; (b) immobilization of biomolecules on the surface of a matrix provides direct and equal access for detection agents; and (c) processing times for incubations and washings can be significantly reduced.
In terms of biochemical analysis, macromolecules immobilized on membranes by conventional blotting methods are subject to a large variety of molecular manipulation and detection techniques, such as immunochemical characterization (Tsang et al., 1983; Towbin et al., 1979; ) , enzymatic inhibition or stimulation (Gershoni and Palade, 1983) , autoradiographic labeling (Maruyama et al., 1984; Grinnel et al., 1992; Burnette, 1981) , cell adhesion assay (Grin-ne1 et al., 1992) , or specific labeling by lectins (Gershoni and Palade, 1982; Hawkes, 1982) , hormones, and toxins (Fazleabas and Donnelly, 1992) . Although in the present report such treatments were limited to immunochemical and enzyme activity protocols, preliminary trials on in situ-blotted proteins indicated promising results for further technical development. For example, since the proteins are blotted in their native configuration, they are in an optimal condition for further biochemical or physiological characterization. In this way we could demonstrate a much higher affinity of our calbindin antibodies in the presence of high CaZ+ levels. This reveals that this particular antibody has a high affinity for the protein in its Caz+-bound form. Furthermore, blots that were histochemically treated for NADPH diaphorase in the absence of oxygen demonstrated the dependence of the NADPH diaphorase enzyme activity on the presence of oxygen in the incubation medium. An additional advantage is the retention of the anatomic location of the biomolecules up to a cellular level of detection. Furthermore, the driving force for molecular transfer from tissue to the membrane by natural permeation of cell fluids into a charged matrix in which convection mechanisms may be involved is an extremely mild way of molecular handling as compared to electrophoresis.
Thus far, our experience with the in situ blotting procedure has been confined to extensive applications on brain and immunological tissue. Some preliminary study indicates successful blottings on lung, kidney, retina, and adrenal glands (data not shown) that need, however, further development. The data presented here show that several types of proteins with different molecular weights can be visualized with the in situ blotting procedure. Protein kinase C, alkaline phosphatase, NADPH diaphorase, and calbindin are typical examples of soluble free cytosolic proteins. MAP1, MAP2, spectrin, and P-tubulin (the latter two not presented here) are cytoskeleton-bound proteins that can be blotted very well and demonstrated by detection procedures. The membrane-bound T-cell surface antigen, when blotted on the hydrophobic PVDF membrane, could be shown on the blots, but transmembrane proteins such as receptor proteins were much more difficult to detect. Preliminary trial runs on muscarinic receptors thus far have not yielded satisfactory results and may indicate a limitation of the in situ blotting method. Furthermore, transfer of proteins is dependent on the transport of intracellular fluids from tissue into the membrane. This implies that tissues low in cytosolic fluid or with a strong hydrophobic nature, such as bone, tooth, fat, hair, and nail, cannot be blotted with the presently described technique. With in situ blotting, resolution can be reached at the cellular level. This implies that, depending on the intracellular distribution of a protein, immunoreactivity or enzyme activity can be displayed at the cellular level. However, owing to the texture of blotting membranes, the localization does not reach the same level of localization achieved with immunocytochemistry in well-fixed tissues. Compared with histochemical and immunocytochemical methods for the study of macromolecules, the present method offers several advantages. A limitation of most immunocytochemical applications is the required fixation of the tissue, e.g., by paraformaldehyde or glutaraldehyde combined with various other compounds. Tissue fixation enables tissue handling and preservation of membranes but at the same time may induce molecular changes in the targets and may pose barriers for penetration of often large immunochemical markers. To avoid fixation of tissue, several techniques have been previously developed, such as the gel film method (Nolte and Pette, 1972) and the semipermeable dialysis membrane technique (McMillan, 1967) . These methods, however, have considerable limitations in terms of protein detection procedures. By blotting native proteins directly to the matrix an optimal molecular condition can be achieved. Preservation of the biological condition of biomolecules can be a particular advantage in cases where the recognition site for reporter or substrate molecules is masked by tissue handling. For these reasons, we believe that, for example, for screening the quality of antibodies raised against purified proteins, the in situ blotting method may provide a time-and costsaving procedure for the study of recognition of antigens in their actual tissue location. When combined with immunocytochemical procedures, antibodies can be selected that may equally well recognize their epitopes in native or fixed protein. Some of the blotting experiments derived here indicate obvious improvements for the detection of proteins that remain undetected after fixation. For example, protein kinase Cy, which is present in a minor membrane-bound and a large cytosolic fraction, is demonstrated at a much higher level of immunoreactivity in the brain when compared with the immunocytochemical level of detection (Huang et al., 1988; Worley et al., 1986) . Similarly, we were able to visualize NADPH diaphorase in a much wider distribution than the very limited presence of this enzyme after histochemistry in aldehyde fixed brain sections (Vincent and Kimura, 1992) .
A similar method to that described here has recently been reported for applications in plant biology and plant physiology Uung and Hahne, 1992; Reid et al., 1990) . With these methods in plant tissues, intracellular macromolecules are transferred to blotting membranes by applying a high pressure of 70 kg/cm2 between tissue and membrane, designated as a tissue print technique. A limitation of processing tissue this way is the loss of cellular resolution by the pressure force imposed on the tissue, thus yielding resolutions in the cm range. The in situ blotting as reported here, however, is highly suitable for materials of animal or human origin owing to the relatively soft nature of animal cell membranes.
For blotting of soluble proteins or proteins that easily detach from a membraneor skeleton-associated conformation, NC membranes can be applied for most general applications. The strongly hydrophobic PVDF membrane is recommended when the target protein has clear membrane-bound characteristics. In that case, the possible lipid components of the membrane-protein complex may more readily bind to the membrane. Positively charged nylon membranes can be used, e.g., in assays that require nitroblue tetrazolium for demonstration of enzyme activity such as NADPH diaphorase in our example. The physicochemical mechanisms by which proteins are bound to NC, P b I , or PVDF membranes are not clearly understood, but hydrophobic and electrostatic interactions between chemical residues of macromolecules and the immobilizing membrane are likely to be involved. For these reasons it can be assumed that the presently described procedure is not selective for protein classes. We expect, however, that selective binding of proteins can be induced by pre-coating the blotting membranes with ligands, such as lectins, hormones, synthetized peptides, or drugs. This way a more selective binding of macromolecules from the tissue to membrane may be achieved.
